a Channel interference plays a crucial role in understanding the physics behind multiphoton absorption processes. In this work, we study the role of channel interference and solvent effects on the two-photon absorption in aryl-substituted boron dipyrromethene (BODIPY) dyes, a class of intramolecular charge-transfer (ICT) molecules. For this purpose, we consider fourteen dyes of this class with various donor/acceptor substitutions at the para position of the phenyl ring and with or without methyl (-CH 3 ) substitution on the BODIPY moiety. The presence of a methyl group on the BODIPY moiety affects the dihedral angle significantly, which in turn affects the one-(OPA) and two-photon absorption (TPA) properties of the molecules.
Introduction
Of late, studies of two-photon absorption (TPA) properties of intramolecular charge-transfer (ICT) based molecules have increased because of their numerous technological applications, such as in optical switching, optical data storage and as probes for two-photon microscopy, to name a few. [1] [2] [3] [4] [5] [6] Several strategies have been adopted to optimize the TPA in chargetransfer based molecules, such as altering the strength of donor and/or acceptor groups and introducing additional donor/ acceptor groups to perturb the charge separation and extend the conjugation network. [7] [8] [9] [10] [11] One of the important aspects of studying TPA is to find molecules with large TPA cross sections, whereas another is the study of structure-property relationships to rationalize the physics behind the TPA activity, enabling one to design novel molecules with desired TPA cross sections. Boron dipyrromethene (BODIPY) dyes are well known for their strong absorption and relatively sharp fluorescence emission with high quantum yields. 12, 13 It has also been reported that the absorption and emission properties of BODIPY dyes can be conveniently tuned by altering the substitution pattern in the BODIPY framework, which in turn can push their fluorescence into the near-infrared region. Excellent thermal and photochemical stability and negligible triplet-state formation are other advantages of these dyes when designing materials for technological applications. The molecules investigated here ( Fig. 1 ) belong to the class of aryl-substituted BODIPY dyes. Tang and coworkers 14 have reported experimental studies of the ICT processes in this class of dyes. They have also reported that substitution of the phenyl ring attached to the BODIPY ring decreases the quantum yield of fluorescence compared to BODIPY alone. On the other hand, substitution of methyl groups in the BODIPY moiety of phenyl-substituted BODIPY restricts the rotation of the phenyl group, leading to an enhancement of the quantum yield of fluorescence of these molecules. Although several studies have been devoted to the study of charge-transfer properties of BODIPY dyes, 14 ,15 studies of their TPA activity are scarce. Some experimental and theoretical studies of TPA in BODIPY and related molecules were recently reported by Belfield et al. 16 and Feng et al. 17 The nonlinear optical (NLO) response properties of aryl-substituted BODIPY dyes were recently reported 18 and it was shown that the charge-transfer processes in these molecules are mostly unidirectional. From the molecular orbital pictures of these molecules, it was inferred that the charge transfer occurs from the donor-substituted aryl ring to the BODIPY moiety. Substitution of acceptor group either alone or in conjunction with methyl group substitution in the BODIPY moiety could alter the charge-transfer pathway. It was also found that the strength of the donor/acceptor substitution as well as rotation of the phenyl ring relative to the BODIPY moiety affect the NLO response properties of these molecules. Apart from altering the substitution pattern and the solvent, an important principle when designing molecules with large TPA cross section lies in a phenomenon called 'channel interference'. This refers to the constructive or destructive interference between two optical pathways for the two-photon transition in a given molecule. The energies of the involved electronic states and the angle between two transition dipole moment vectors involved in the process determine the constructive or destructive nature of the alternative pathways. This analysis was first proposed by Ågren and co-workers 19 for two-dimensional systems wherein only two components of the transition moment vectors are involved. Alam et al. [20] [21] [22] proposed a general model that can be used for any molecule, irrespectively of its dimensionality.
In this contribution, we use the aforesaid analysis tools to study the one-and two-photon absorption properties of charge-transfer based dyes (shown in Fig. 1 ) belonging to the aryl-substituted BODIPY family. The results are analyzed in terms of a two-state model. The effect of changing the dielectric constant of the medium on the one-photon absorption (OPA) and TPA properties of the most two-photon active aryl-substituted BODIPY molecule (molecule 3 in Fig. 1 ) is studied. We have also examined how changes in the dihedral angle between the aryl and BODIPY moieties affect the TPA cross section of this molecule.
Computational details
The Cartesian coordinates for the gas-phase, ground-state optimized geometry of all the fourteen molecules are taken from a recent work by one of the authors 18 and correspond to geometry optimizations at the CAM-B3LYP/6-31+G(d,p) level of theory. Tables S1-S3 in the ESI. † 24 The solvent effects are taken into account using the polarizable continuum model (PCM) of Tomasi and co-workers. 25, 26 After geometry optimizations and frequency analyses, the OPA and TPA properties of all the molecules are calculated using time-dependent density functional linear and quadratic response theories using the CAM-B3LYP functional 27 and the aug-cc-pVDZ basis set, as implemented in the DALTON program package. 28, 29 Recently, Leonardo et al. 30 reported the TPA cross section of some disubstituted BODIPY dyes using their theoretical-experimental studies that revealed that the time-dependent density functional theory (TD-DFT) results are consistent with the experimental values. For both the OPA and TPA calculations in the gas phase, the five lowest singlet-excited states have been considered. However, for the specific study of molecule 3, the excited state having the largest TPA cross section is considered. For studying the effects of rotation of the two parts of molecule 3 on its TPA cross section, we changed the dihedral angle (y, as shown in Fig. 1 ) between the phenyl and BODIPY moieties from 01 to 901 at an interval of 101 and calculated the OPA and TPA properties for each dihedral angle at the same level of theory. The geometries of the rotated systems have not been re-optimized. For the solvent calculations, the non-equilibrium formulation of the PCM quadratic response theory is used. 31, 32 In all solvent calculations, we used atom-centered cavities with the same radius as that used in the Gaussian program package. 
Results and discussion
All the fourteen molecules considered in this work are shown in Fig. 1 . H and -CH 3 are used as R-groups, whereas for the X-group, H, -NH 2 , -N(CH 3 ) 2 , -NO 2 , -CN, -CH 3 and -CHO are used. The presence of a methyl group in the BODIPY moiety increases the dihedral angle (y) in all these molecules, as is evident from the data given in Table 1 . The value of y is between 501-601 for molecules with R = -H, whereas for those having R = -CH 3 , y is around 901. We notice that for the molecules having R = -CH 3 , y does not vary on changing the X-group. However, for those having R = -H, the dihedral angle gradually decreases with increasing electron-donating power of the X-group and increases with increasing electron-withdrawing power of the X-group, as given in Table 1 .
One-photon absorption
The one-photon absorption (OPA) strength of a molecular system is measured by the dimensionless oscillator strength (d   1P   ) , which is proportional to the square of the transition dipole moment between the two states involved and proportional to the corresponding excitation energy. Here, we studied the OPA cross section for a transition from the ground state |S 0 i to the lowest five singlet-excited states (|S i i, i = 1, 2, . . ., 5). For a S 0 -S i transition, d
1P is given as
where o 0i and m 0i are the excitation energy and magnitude of the corresponding transition dipole moment vector, respectively. A comparison of the OPA strength of all the fourteen molecules in gas phase is shown in Fig. 2 , while the absorption energies, the corresponding oscillator strengths and the orbitals involved in the OPA process along with their contributions are shown in Tables S4 and S5 in the ESI. † 24 The first excited state of all these molecules has the largest oscillator strength and in most of the cases is the only one-photon active state among the five excited states considered. However, in some of the molecules, there exists a second large one-photon active state; for instance, the fourth excited state in molecules 2 and 9, the second excited state in molecules 3 and 7, the third excited state in molecule 11 and the fifth excited state in molecule 13. We note that the value of y has a significant impact on the OPA of these molecules, which in turn is controlled by the size of the R-group on the BODIPY moiety. For instance, for molecules having R = -CH 3 , y is close to 901 and such molecules have a single dominating one-photon active state. On the other hand, for molecules with R = -H, the dihedral angle is around 501-601 and for these molecules, there exists a second large one-photon active state. Furthermore, the molecules with R = -CH 3 have larger d 1P values than the molecules with R = -H. An examination of the S 0 -S i excitation energies and the corresponding transition dipole moments ( Fig. 2) indicate that the variation of the oscillator strength follows the corresponding variation in transition dipole moments rather than the excitation energies.
There are no significant variations in the excitation energies of a particular excited state among the molecules considered here. The orbitals involved in the dominant transitions in all these molecules are given in the ESI † (Tables S4 and S5 ). 24 We note that the dominant transitions (i.e., S 0 -S 1 ) in all the molecules with R = -H are short-range local transitions, mainly a rearrangement of electron density in the BODIPY moiety. In contrast, for molecules having R = -CH 3 , the dominant transitions are a mixture of both long-and short-range orbital transitions. This is also consistent with the orbital pictures in ref. 18 and the L parameter 35 provided in the ESI. † Table 1 Dihedral angle (y) in the gas-phase optimized geometries of all fourteen molecules studied 
Two-photon absorption
The TPA activity is measured in terms of the TP transition probability (d 2P ), which depends on not only the molecular system, but also the polarization of the incident light. Here, we studied TPA caused by linearly polarized light. The expression for d 2P in a molecular system when a single beam of linearly polarized monochromatic light is used is given as
where the indices a, b represent the Cartesian coordinates {x,y,z} and S ab is the ab'th component of the two-photon transition moment S. For S 0 -S f transitions, S ab can be written as a sum-over-states expression A comparison of the TPA activity of the first five singlet-excited states of all the fourteen molecules in the gas phase is shown in Fig. 3 . The vacuum phase TPA data of molecules (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) obtained from the quadratic response theory as well as through two-and three-state model calculations are reported in Tables S6 and S7 in the ESI. † 24 To the best of our knowledge, except for molecule 2, none of the other molecules considered for the present study has been studied experimentally for two-photon absorption. The reported experimental 37 TPA cross section of molecule 2 is 4 GM, which is very small and is consistent with our theoretically calculated value. It is interesting to note that unlike the OPA plot (Fig. 2) , the TPA plot is much less crowded as only a few molecules are found to have significant TPA cross sections. The TPA cross section of molecule 3 dominates over all the other 13 molecules. Molecule 7 has the second largest TPA cross section and molecules 11 and 9 are the third and fourth most TPA-active molecules. The ratios of d 
where d 
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These four terms also appear in the expression for the 3SM. There are three additional terms of the same form as d Table 2 . Note that unlike the 2SM, the 3SM is not unique in the sense that the latter involves an intermediate state. For example, if we construct a 3SM for the third excited state and if we have data for five excited states, a total of four 3SM will be possible with the first, second, fourth and fifth excited states as intermediates. Furthermore, each 3SM contains a total of six unique channel interference terms (i.e., d terms). All these considerations complicate the analysis and are part of the reason why we do not present the 3SM results in Table 2 . In addition, the 3SM provides only very minor improvements in the d ). The full few-state model output data can be found in the ESI. † 24 The results in Table 2 show that the d Fig. S4 of the ESI. † 3.2.2 Solvent effect on TPA process. In the gas phase, the second excited state in molecule 3 has the strongest TPA cross section among the five singlet-excited states of the fourteen molecules studied. The aforesaid result probably arises from a combination of a strong electron-donating group -N(CH 3 ) 2 and the relative orientations of the involved transition dipole moment vectors. Therefore, it would be interesting to study the TPA process in molecule 3 in more detail. In particular, we will focus on the solvent effect on the TPA process of this particular state. To do this, we performed quadratic response as well as few-state model analysis of the TPA process in molecule 3 in three different solvents, viz., C 6 H 12 , CH 2 Cl 2 and CH 3 CN. The results are presented in Table 3 . The highest TPA-active state of molecule 3 in the gas phase and in C 6 H 12 is the second excited state, whereas it is the first excited state in the other two solvents. However, in all the cases, we deal with the same excited state, confirmed by the nature of the orbitals involved (Fig. S3 in ESI †) .
From the results, it is apparent that there is a significant increase in the TPA activity of molecule 3 when going from gas phase to a solvent. However, a small decrease in the TPA cross section is observed when the solvent is changed from the moderately polar CH 2 Cl 2 to the highly polar CH 3 CN solvent or to the less polar C 6 H 12 . This is consistent with the general observations that the donor-p-acceptor systems show larger TPA activity in moderately polar solvents as compared with that in very high or very low-polarity solvents. [38] [39] [40] The trend of d
2P
obtained from the 2SM and 3SM calculations is consistent with the response theory results. However, the former overestimates the latter. We notice that the ratio d
Resp gradually decreases with increasing solvent polarity. The corresponding ratios in gas phase, C 6 H 12 , CH 2 Cl 2 and CH 3 CN solvents are 1.399 : 1.373 : 1.309 : 1.292. When going from 2SM to 3SM, the agreement with the response theory results improves slightly in gas phase and in C 6 H 12 and CH 3 CN. However, the difference between the 2SM and 3SM results is small, indicating that the terms d Table 3 . The full 2SM and 3SM results are provided in the ESI. † 24 The larger TPA cross section of molecule 3 in CH 2 Cl 2 than in either gas phase or the other two solvents can be explained by considering the terms contributing to the 2SM. It is interesting to note that in both gas phase and in the three solvents, d
2P 00 is the largest contributing term, whereas d 2P ff has the smallest contribution (Table 3) . In all cases, the angle terms, i.e., the term in parenthesis in eqn (5) are close to the maximum value of +3. Furthermore, as is evident from Table 3 , m 00 in the gas phase is much smaller than in the three solvents and hence d 2P 00 in the gas phase is much smaller than in solvent. The most interesting result is d contributes constructively, but in the other two solvents it has destructive contributions. Interestingly, with the decrease in polarity of the solvent, the magnitude of destructive contribution of d 2P 0f gradually decreases and becomes constructive in a solvent with very low polarity. Similar results were reported by Alam et al. 41 for two through-space charge-transfer systems. Molecule 3 is the first through-bond charge-transfer system where a change in the nature of channel interference is observed with a change in solvent polarity. As is evident from eqn (5), the expression for d 2P 0f already has a negative sign, and all the terms except the cosine of the angles are inherently positive quantities. This clearly reflects that the orientations of the three dipole 42 reported that for a particular dihedral angle, the TPA activity is maximized. The present system also has such a dihedral angle, viz. C1-C2-C3-C4 between the phenyl ring and the BODIPY moiety (shown in Fig. 1  as y) . In Table 3 , we have already seen that there is a change in the nature of the channel interference when going from gas phase to a solvent or on decreasing polarity of solvents. These results make it interesting to study the effect of rotation about y on the nature and magnitude of channel interference in molecule 3. Fig. 4 shows the variation of d
Resp and d
2SM with y in gas phase and in the three solvents. The variation of OPA and TPA properties of molecule 3 with varying C1-C2-C3-C4 dihedral angle in the gas phase and in the three solvents is shown in Tables S8-S11, in the ESI, † 24 respectively. It is interesting to 
where P ij is the prefactor, which is the same 16 15 for each d with y are shown in Fig. 5 . Similarly, the variations of all the D-, A-and E-terms are shown in Fig. 6-8 respectively. The variations of different transition dipole moments (m 00 , m 0f and m ff ) and the cosine of the angle between them are presented in the ESI † ( Fig. S1 and S2 ). 24 The contributions from different optical channels involved in 2SM calculations on the two-photon activity of molecule 3 with varying y are shown in Tables S12 and S13 in the ESI. † 24 Fig. 8 shows that the variations of the E-terms are the same in gas phase and in the three solvents. Thus, the variation of d 2P ij is mainly controlled by the D and A terms. Furthermore, Fig. 7 shows that all the angle terms are either +3 or À3. Only some of the A 0f terms have negative values. The other two A terms are always positive, as expected from eqn (5) . For 01 r y r 301, in the gas phase and in C 6 H 12 , A 0f is positive and for the rest, it is negative. In the other two solvents CH 2 Cl 2 and CH 3 CN, A 0f is positive only for the ranges 01-401 and 01-501, respectively. The variations of A 0f (which is the only term controlling the sign of channel interference) indicate a change in nature of the corresponding d 2P 0f term when the molecule is twisted. This is visible in Fig. 5 .
After discussing the constructive/destructive nature of different d terms, let us now discuss their magnitudes. The variations of different d terms in Fig. 5 show that in both the gas phase and the three solvents, d oscillates. These variations can be explained by considering the variation of the corresponding transition moments (see Fig. S1 and S2 in ESI †). 24 We note that with increase in y, m 00 does not vary much, as compared to m 0f . Thus, the large values of d due to the larger values of both m 00 and m 0f , but its decrease with increasing y is really due to the drastic decrease in m 0f . The second-most contributing channel interference term is d 2P 0f , which also decreases when the molecule is twisted until it reaches a very small value at y = 401-501. When increasing y further, first it slightly increases and then again falls to a very small value. This is true in both the gas phase and the three solvents. As shown in the ESI, † 24 m ff also shows a similar variation, which indicates that the oscillation of d 
Conclusions
We have studied the channel interference in the two-photon absorption (TPA) processes in fourteen aryl-substituted BODIPY dyes using quadratic response theory and generalized few-state model analysis. We have also studied the effect of twisting of the aryl ring with respect to the BODIPY moiety, and the polarity of the medium on the TPA process and channel interference in the BODIPY dye with the largest TPA activity. The twist angle has been found to depend on the substituent on the BODIPY moiety as well as on the nature of the substituent on the phenyl ring. The TPA activity is found to be strongly affected by the change in the twist angle. All molecules having a methyl substituent on the BODIPY moiety have twist angles close to 901 and show very low TPA cross sections. Only molecule 3 in Fig. 1 , having no substituent on the BODIPY moiety and a strong electron-donating group in the para position on the phenyl group, shows a large TPA activity, with the largest TPA cross section obtained for the moderately polar solvent CH 2 Cl 2 . With decreasing solvent polarity, the magnitude of the only destructive channel interference term (d . On the other hand, for large dihedral angles, all terms become very small. However, for y = 401-501, all the constructive channel interference terms have moderate values, whereas the destructive one (if any) has a very small value. The TPA cross section thus achieves its maximum value in this range of the twist angle.
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